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Main messages

• Create hot/dense medium and understand properties
✓ thermalization
✓ deconfinement
✓ transport coefficients
✓ ...

•Success of hydrodynamical models
•Partonic collectivity
•Stronger collectivity in central collisions
•‘Viscosity’ corrections
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Outline

1. Introduction
2. What have we learned at RHIC ?
3. What can we learn from future v2 

measurements at RHIC ?
4. Conclusions
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Why study elliptic flow ?

• Initial spatial anisotropy (eccentricity ε) → final 
momentum anisotropy v2

➡ Interactions among constituents
➡ Degree of thermalization, EOS, d.o.f, transport coefficients

• Signal is self-quenching with time
➡ Probe to the early stage

• Sensitive to the early ‘partonic’ collision dynamics
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How to measure anisotropic flow ?

• Azimuthal anisotropy
✓ Fourier expansion of azimuthal 

particle distributions with respect to 
the reaction plane

✓ Second coefficient = v2

✓ v2 = 0.1 (10%) → 1.2/0.8 = 50% 
more particles in “in-plane” direction 
than in “out-of-plane”
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dN

dφ
∝ 1 + 2v1 cos (φ−ΨRP) + 2v2 cos (2[φ−ΨRP]) + ...

φ : azimuthal angle of particles
ΨRP : azimuth of reaction plane
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PHENIX vs STAR
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• Central arm: |Δφ|<π, |η|<0.35
• photon, electrons

➡ Limited acceptance, rare 
probes

• Main TPC: Full azimuth, |η|<1
• (Multi-)strange hadrons (K0S, 
φ, Λ, Ξ, Ω, ...), Resonances

➡ Large acceptance
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What have we learned 
at RHIC ?
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Success of ideal hydrodynamics

• Ideal hydrodynamic models work for pT < 1 GeV/c
✓ Mass ordering of v2, smaller v2 for heavy hadrons → radial flow
✓ need early thermalization, τ ~ 1 fm/c

• What can we learn from higher pT ?
8
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Partonic collectivity

• Number of quark scaling among measured hadrons
✓ v2 scales by number of quarks for pT > 2 GeV/c
✓ Confirmed for multi-strange hadrons; φ and Ω
➡ Collectivity developed in the early partonic matter
➡ Deconfinement
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Glauber initial conditions

Stronger flow in central collisions

• Number of quark scaling holds for each centrality

• Stronger collectivity in central collisions
✓ Collectivity is driven by the eccentricity and system size
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‘Viscosity’ corrections

• Measured v2 is sensitive to the viscosity corrections
✓ prefer finite but small shear viscosity to entropy density ratio of 

medium
➡ important constraint on the transport coefficients
✓ Caveats: hadronic rescattering, initial conditions, EOS, ...
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FIG. 8: (Color online) Comparison of hydrodynamic models to experimental data on charged
hadron integrated (left) and minimum bias (right) elliptic flow by PHOBOS [85] and STAR [87],
respectively. STAR event plane data has been reduced by 20 percent to estimate the removal

of non-flow contributions [87, 88]. The line thickness for the hydrodynamic model curves is an
estimate of the accumulated numerical error (due to, e.g., finite grid spacing). The integrated v2

coefficient from the hydrodynamic models (full lines) is well reproduced by 1
2ep (dots); indeed, the

difference between the full lines and dots gives an estimate of the systematic uncertainty of the
freeze-out prescription.

experimental data from STAR with the hydrodynamic model is shown in Fig. 8.
For Glauber-type initial conditions, the data on minimum-bias v2 for charged hadrons

is consistent with the hydrodynamic model for viscosities in the range η/s ∈ [0, 0.1], while
for the CGC case the respective range is η/s ∈ [0.08, 0.2]. It is interesting to note that
for Glauber-type initial conditions, experimental data for both the integrated as well as the
minimum-bias elliptic flow coefficient (corrected for non-flow effects) seem to be reproduced
best7 by a hydrodynamic model with η/s = 0.08 " 1

4π . This number has first appeared in the

7 In Ref. [22] a lower value of η/s for the Glauber model was reported. The results for viscous hydrodynamics

shown in Fig. 8 are identical to Ref. [22], but the new STAR data with non-flow corrections became

M. Luzum and P. Romatschke, PRC78, 034915 (2008)

20-30%

T. Hirano et al., PRC77, 044909 (2008)
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What can we learn from future 
v2 measurements at RHIC ?

U + U collisions
di-leptons
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“body-body” collision
collision along the shortest axis

“tip-tip” collision
collision along the longest axis

T̃!"!#T!", p̃!#p , $2.5%

v̄ i!v i cosh& , ṽ i!
T#i

T##
!

$e"p %'̄2v̄ i
$e"p %'̄2#p

$ i!x ,y %.

We call v̄ i the transport velocities and ṽ i the energy flow
velocities in the transverse directions. Since we work at

midrapidity, &!0, the transverse transport velocities agree
with the corresponding fluid velocities in the c.m. frame.

In hydrodynamic problems phase transitions generically

lead to the formation of shock waves which complicate the

numerical solution. To integrate the differential equations

$2.4% we use the ‘‘sharp and smooth transport algorithm’’
$SHASTA (32)% which was shown to perform excellently

even under difficult conditions (31).

C. Initialization of the fields

In this subsection we discuss the initial conditions for the

solution of Eqs. $2.4%. Strong interactions between the par-
tons of the colliding nuclei lead to the deposition of a large

fraction of the beam energy and the creation of many sec-

ondary particles in the reaction zone. The newly produced

partons interact strongly with each other and, after only a

few scatterings during a time interval #0!O(1 fm/c), the
system is expected to reach a state of approximate local ther-

mal equilibrium. Following Refs. (8,33) $to which we refer
for details% we take the energy deposition in the transverse
plane to be proportional $by a factor K) to the number of
collisions producing wounded nucleons:
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# B%
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Here TA is the nuclear thickness function of the incoming

nucleus A,

TA$x ,y %!'
#+

"+

dz,A$x ,y ,z %, $2.7%

where the nuclear density ,A is given by a Woods-Saxon
profile

,A$r%!
,0

1"exp($r#R0%/-)
, $2.8%

and similarly for nucleus B.

We further assume that the initial transverse density pro-

file of net baryon number is proportional to the initial trans-

verse energy density profile

n$x ,y ;#0%!Le$x ,y ;#0%. $2.9%

For Pb-Pb collisions we use in Eq. $2.8% a nuclear radius
R0!6.5 fm and a surface thickness -!0.54 fm (34). For
U-U collisions we take R0!6.8 fm, with a deformation .
!0.27 $Ref. (34), Vol. 2, p. 133%. This leads to a ratio
Rl /Rs!1.29 between the long and short axes of this nucleus;
in absolute terms Rl!8.0 fm and Rs!6.2 fm (35). For the
ground-state nuclear density we take ,0!0.17 fm

#3 (34).
Three parameters thus describe the initial conditions: $i%

the maximum energy density e0 in a central collision (b

!0), this fixes the parameter K in Eq. $2.6% at the given
beam energy, $ii% the ratio L in Eq. $2.9% between energy and
baryon density, $iii% the equilibration time #0. In Sec. II E we
adjust the parameters by tuning the output of our calculations

with EOSQ for central (b!0) Pb"Pb collisions to experi-
mental data $transverse mass spectra of negative hadrons and
net protons at midrapidity (36)% at 158A GeV/c beam mo-

mentum. We use the same parameters K, L, and #0 for U"U
collisions at 155A GeV/c .

In Fig. 3 we illustrate the initial conditions resulting from

this tuning procedure. It shows contour plots of the energy

density in the transverse plane at z!0 for Pb"Pb collisions
with b!7 fm and central U"U collisions in the side-on-side
configuration at the highest SPS beam momentum of 400

$(Z/A) GeV/c . Note that at fixed collision energy the cen-
tral energy density for b!0 side-on-side U"U collisions is
8% lower than for b!0 Pb"Pb collisions, but about 14%
higher than in Pb"Pb collisions at b!7 fm which corre-

spond to about the same initial spatial deformation. At simi-

FIG. 3. Left: initial transverse energy density distribution for a

typical 158A GeV/c Pb"Pb collision at impact parameter b

!7 fm. Indicated are contours of constant energy density between
e!7.0 GeV/fm3 $innermost contour% and e!0.5 GeV/fm3 $outer-
most contour% in steps of /e!0.5 GeV/fm3. The dashed lines rep-
resent the colliding nuclei before impact. Right: the same

for a central 155A GeV/c side-on-side U"U collision—the

innermost $outermost% contour corresponds to e

!8.0 GeV/fm3 (0.5 GeV/fm3).

PETER F. KOLB, JOSEF SOLLFRANK, AND ULRICH HEINZ PHYSICAL REVIEW C 62 054909

054909-4

Why U + U collisions ?

• U nucleus is heavier than Au, and naturally deformed

• Increase transverse number density & duration time
✓ density increases ~35% in central “tip-tip” U + U compared to the 

spherical Au + Au  C. Nepali et al., Phys. Rev. C73, 034911 (2006)

✓ freeze-out occurs ~30% later in central “body-body” U + U than 
in Pb + Pb at b = 7 fm  P. F. Kolb et al., Phys. Rev. C62, 054909 (2000)
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Effect of deformation
• Increase v2 with 

respect to the 
participant plane at 
most central
✓ Due to the deformation of 

uranium
✓ Deformation → larger 

geometrical anisotropy → 
larger v2

✓ Caveats
- Collisions dynamics need to be 

taken into account

• U + U collisions will 
be possible at RHIC 
in 2012
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H. M., B. Mohanty and N. Xu, PLB679, 440 (2009)

Results in U + U collisions are averaged 
over all possible orientations
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Di-leptons

• Di-lepton v2 measurements (vs mass, pT, centrality)
✓ Direct radiation from the medium, no strong interactions
➡ Probe to the deconfinement, thermalization

• PHENIX: HBD, STAR: Full barrel TOF
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Conclusions

• Elliptic flow has played a major role in understanding 
the properties of the medium created at RHIC
✓ Hydrodynamical models → radial flow, early thermalization
✓ Partonic collectivity → deconfinement

✓ Stronger collectivity in central collisions → v2 = ε × f(system size)
✓ Provide important constraint on transport coefficients

• Future v2 measurements would shed more light on the 
collision dynamics in heavy ion collisions
✓ U + U collisions, v2 for di-leptons

• Many other important measurements
✓ heavy flavors (charm & bottom quarks), direct (thermal) photon
✓ Other harmonics (v1, v4 ...), v2 fluctuation
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